ABSTRACT Full-sib reconstruction from molecular marker data in the absence of parental information is an active research area. Such analyses can provide useful information for studies of mating systems and gene ßow, and for estimating effective population size in the wild. Although various methods have been proposed, but their estimation accuracies for some applications are not known. Here we propose a modiÞed version of Shared Loci Correspondence Analysis (mSLCA) to reconstruct full-sib families of haplodiploid species. We ran simulations to compare the accuracies of the original SLCA and mSLCA. mSLCA outperformed SLCA at various data settings. mSLCA produced accurate estimates of the number of full-sib families when the numbers of loci and alleles per locus were equal to or more than eight. We also used actual DNA data of commercial Bombus terrestris colonies to verify the validity of estimates with an increasing number of colonies. mSLCA outperformed SLCA at various colony sizes with slight underestimation.
A number of ecological areas require methods to reconstruct sibship structure from genetic data (Blouin 2003) . In particular, knowledge of the genetic relationships among haplodiploid individuals is necessary for studying the concept of inclusive Þtness and evolutionary aspects of social behavior (Hamilton 1964) , as well as mating systems, parental care, and dispersal range of social insects. In natural situations, however, actual sibling information is lacking to a greater or lesser degree (Herbinger et al. 2006) . Recent developments in molecular ecology have made it possible to estimate sibships from molecular marker data even in the absence of parental information (Blouin 2003 , Konovalov et al. 2005 , Herbinger et al. 2006 ). Using such information to estimate population size and resource sharing by pollinator bees, for example, can support effective plant-pollinator conservation (Chapman et al. 2003 , Darvill et al. 2004 , Knight et al. 2005 .
Several methods have been proposed to assign single-generation individuals into full-sib families based on their genetic data (Painter 1997 , Almudevar and Field 1999 , Thomas and Hill 2000 , Smith et al. 2001 , Beyer and May 2003 . Various approaches developed thus far can be characterized by how all the possible partitions are searched and how these partitions are ranked to determine the best-Þt partition (Konovalov et al. 2005) . One simple approach is to estimate pairwise relatedness between all individuals and graphically cluster the pairs of individuals (Blouin et al. 1996) . The approach of Almudevar and Field (1999) (denoted as AF), based on the Mendelian exclusion principle, constructs and evaluates sets of feasible sibling groups. The method of Butler et al. (2004) (denoted as Simpson), based on a simple exclusion method, chooses the best partition according to the Simpson index. Some methods are based on maximizing some form of the likelihood of proposed full-sib conÞgurations and use a Markov Chain Monte Carlo (MCMC) method to select the best partition (Thomas and Hill 2000 , Smith et al. 2001 , Wang 2004 . In particular, Smith et al. (2001) used the MCMC method for pairwise scoring (denoted as SC) and for estimating likelihood (denoted as Likelihood). Other methods are based on the likelihood ratio of null and hypothesized kin relationships (Goodnight and Queller 1999) and cluster the relationships by various methods (Beyer and May 2003 , Darvill et al. 2004 , Konovalov et al. 2004 , Knight et al. 2005 . For example, Beyer and May (2003) used a graph-based algorithm (denoted as Graph), and Konovalov et al. (2004) used descending ratio (denoted as DR) search algorithms. Butler et al. (2004) conducted a large-scale simulation study and compared the AF, Simpson, SC, and Likelihood approaches at various parameter settings. Their results indicated that, in the absence of genotype errors, the exclusion-based methods (AF, Simpson, and SC) could be more accurate than the likeli- (Konovalov et al. 2005) . Alternative and practical methods that neither require heuristic parameter settings nor family structureÐ dependent accuracy are essential for the study of full-sib reconstruction.
Recently, we proposed a simple full-sib reconstruction method, shared loci correspondence analysis (SLCA), to estimate the nest-mate patterns of bumblebees (Kokuvo et al. 2007 (Kokuvo et al. , 2008 . SLCA is based on a pairwise scoring method using the degree of shared alleles between individuals, and this method can be used with all haplodiploid species to reconstruct fullsib structure. In general, pairwise scoring approaches are simple to implement but lose valuable information (Thomas and Hill 2000, Herbinger et al. 2006) , and they often require population allele frequencies (Thomas and Hill 2000) . SLCA, however, solves these problems by focusing on haplodiploid genetics (haplodiploid full-sibs share at least one genome [a set of alleles across multiple loci] from their haploid father, and thus no valuable information is lost). In addition, it does not require population allele frequencies. SLCA could correctly assign real DNA data collected from natural bumblebee colonies into true conÞgu-rations. We conducted additional surveys to study the accuracy of the estimates, using microsatellite genotypes of the commercial bumblebees (N.K., unpublished data) and found that SLCA tended to overestimate the number of colonies as the number increased. In addition, SLCA tended to give large variances, and the accuracy of the algorithm depended much on the distribution of the data.
In this study, we propose a modiÞed version of SLCA (mSLCA) to reconstruct full-sib patterns of haplodiploid species. Instead of the multilevel pairwise scoring used in SLCA (Kokuvo et al. 2007 (Kokuvo et al. , 2008 , the approach taken here is a binary pairwise scoring based primarily on the Mendelian exclusion principle. Paradoxically, the blunting of sensitivity by binary pairwise comparisons reduces the variance of the estimates. The results of a large-scale simulation to compare the accuracy of mSLCA with the original SLCA indicated that mSLCA outperforms the original SLCA at almost all parameter settings. We also studied sensitivity to the number of loci, number of alleles per loci, and family size distribution. The accuracy and use of the algorithm are discussed.
Materials and Methods
SLCA and mSLCA Algorithms. SLCA is a simple visualization method to reconstruct full-sib families of haplodiploid species (Kokuvo et al. 2007 (Kokuvo et al. , 2008 . The algorithm Þrst assigns a pairwise scoreÑthe number of loci that share at least one alleleÑfor all sample pairs. Then a similarity matrix is produced, which is clustered by correspondence analysis. SLCA produces an estimate of the number of families by detecting the highest scoring groups. The details of the algorithm are described in Kokuvo et al. (2007) .
The new algorithm replaces the scoring and estimation methods. mSLCA Þrst assigns a binary score to all sample pairs (Fig. 1a) . Distinguishing the pairs that share at least one allele at every locus from the other pairs, mSLCA gives the higher score to the former and the lower score to the latter (Fig. 1b) . Once a sharedloci binary score is assigned to every sample pair, a scoring similarity matrix is created (Fig. 1c) , to which we apply correspondence analysis (CA; Fig. 1d ). The algorithm clusters individuals using CA, gathering the higher scoring pairs together in a scoring matrix (Fig.  1e) . When the higher scoring pairs are gathered into the same group according to the order of individuals in the clustered matrix, the number of higher scoring groups becomes the number of families.
We implemented the mSCLA algorithm in R (R Development Core Team 2004) using the correspondence analysis module in the MASS library. The entire process was fully automated, and the R source code is available from the corresponding author.
Simulation Data Sets. Three types of simulations were conducted to test the algorithmÕs ability to estimate the number of families in haplodiploid species. All data sets were designed to be similar to one of the simulation sets used by Beyer and May (2003) , except that individuals were assumed to be haplodiploid. Parental genotypes, that is, pairs of haploid and diploid, were Þrst generated for each combination of the number of loci and the number of alleles per locus. According to Mendelian inheritance, we generated diploid genotypes for the descendants of each pair. For simplicity, we assumed that alleles are equally distributed at each locus and that there are no mutations, crossing over, genotyping errors, or null alleles. One hundred simulated data sets were run with each combination of parameters. Finally, box plots of deviations from the actual number of colonies and accuracy levels (percentages of correctly estimated data) were plotted using the R (version 2.0.1) software package (R Development Core Team 2004).
Simulation set A contained 50 haplodiploid females from Þve full-sib families. Four family distributions were used, with family sizes for each set at (10, 10, 10, 10, 10), (20, 10, 10, 5, 5) , (30, 5, 5, 5, 5) , and (40, 5, 2, 2, 1), respectively. Each family distribution was tested with 4, 6, 8, 10, and 12 loci, each with 4, 6, 8, 10 , and 12 alleles per locus.
Simulation set B was designed to test the performance of mSLCA with large and small data sets. All parameters were identical to those used in simulation set A. We prepared equally distributed families with 25, 50, and 100 individuals, that is, (5, 5, 5, 5, 5), (10, 10, 10, 10, 10), and (20, 20, 20, 20, 20) , respectively.
Simulation set C was used to evaluate the effects of the number of families per data set on the algorithmÕs ability to estimate the correct number of families. The number of families was varied between 5 and 45, using 50 individuals divided randomly among the families. Tests were conducted with similar parameters to those used in simulation set A.
Real Data Sets. In addition to the simulated data sets, we tested the algorithms on real data sets. We used 20 commercial Bombus terrestris colonies, all supplied by Api Co. (Gifu, Japan). Because most bumblebees are known to be monandrous and monogynous (Estoup et al. 1996 , Schmid-Hempel and SchmidHempel 2000 , Goulson 2003 , workers collected from the same colony formed a full-sib group. Five workers from each colony were caught, chilled immediately, and later frozen for DNA extraction.
Bees were genotyped at six microsatellite DNA loci. DNA was extracted from an entire middle leg of each sample bee. The leg was homogenized in a tube containing 30 l of lysis buffer (1 mg/ml proteinase K, 0.01 M NaCl, 0.1 M EDTA, 0.01 M Tris⅐HCl [pH 8.0], 0.5% Nonidet P-40). The homogenate was incubated at 50ЊC for 60 min and then at 94ЊC for 10 min. It was diluted with 270 l of TE buffer (0.001 M EDTA, 0.01 M Tris⅐HCl [pH 8.0]) and used as DNA template in a polymerase chain reaction (PCR). Microsatellite DNA was ampliÞed by PCR using locus-speciÞc pairs of ßanking oligonucleotide primers that were developed by Estoup et al. (1996) . Polymorphic patterns of six microsatellite loci (B11, B96, B100, B118, B121, and B132) were analyzed following protocols described in Kokuvo et al. (2007) . The mean number of alleles per locus and heterozygosity were 6.5 (range, 3Ð12%) and 65.7%, respectively (Table 1) .
We tested the robustness of SLCA and mSLCA with these actual DNA data to verify the validity of the results with an increasing number of colonies. Random numbers of individuals, ranging from 1 to 5, were withdrawn from each of 1Ð10 colonies, randomly selected out of the 20, for analysis. A hundred hypothetical data sets were generated for each number of colonies, ranging from 1 to 10. The numbers of colonies estimated were compared with the actual numbers.
Results

Simulation Set A: Effect of Family Distributions.
Box plots of the deviations from the actual number of families are presented in Fig. 2 . The distribution of family sizes had little effect on deviations in either SLCA or mSLCA. mSLCA correctly estimated the number of colonies at almost all parameter settings (Fig. 2b) , whereas SLCA tended to overestimate it at all parameters (Fig. 2a) . Even with four loci and four alleles per locus, mSLCA produced accurate and stable estimates. However, it slightly underestimated the number of colonies at fewer loci or fewer alleles per locus (Fig. 2b) .
Simulation Set B: Effect of Sample Size for Various Family Distributions of the Data. Accuracies of mSLCA at different sample sizes are shown in Fig. 3 . The total sample size did not affect the accuracy. Accuracies of 90% or higher were obtained at 12 loci with 4 alleles per locus, 6 or more loci with 8 alleles per locus, and 4 or more loci with 12 alleles per locus. Simulation Set C: Effect of the Number of Families. The effect of the number of families on the accuracies of SLCA and mSLCA is shown in Fig. 4 . When using eight or more loci with eight or more alleles per locus, mSLCA correctly estimated the number of families, but with fewer loci or fewer alleles, it tended to underestimate the number (Fig. 4b) . However, at almost all parameter settings, SLCA overestimated the number (Fig. 4a) . The number of families had a large effect on the deviation of SLCA but no effect on mSLCA at eight or more loci with eight or more alleles.
Real Data Sets. mSLCA successfully predicted the actual number of families at smaller numbers of families, but slightly underestimated the number at larger numbers (Fig. 5b) . SLCA had larger variances and overestimated the number with increasing number of families (Fig. 5a ).
Discussion
mSLCA is a simple full-sib reconstruction method that strictly obeys the Mendelian exclusion principle. It starts by identifying pairs that share at least one allele at every locus and clusters them into full-sib families using correspondence analysis. Although some previous methods required the choice of an appropriate prior distribution for the population allele frequencies (Painter 1997) , family size (Thomas and Hill 2000) , or other parameters (Konovalov et al. 2004 (Konovalov et al. , 2005 , our algorithm does not require those parameters. The accuracy of the estimates is not affected much by the family size distribution, number of families, or sample size of the data. mSLCA also gives relatively accurate estimates of real data sets, even with as few as six loci. The algorithm seems to be stable with sufÞcient parameter settings, although the data used here are based on haplodiploid genetics, and mutations and null alleles were not considered in the simulation sets. . Left panels correspond to 4 alleles per locus, center panels to 8, and right panels to 12. Top panels correspond to 4 loci, middle panels to 8, and bottom panels to 12. In each panel, left plots correspond to a family distribution of (10, 10, 10, 10, 10), center-left plots to (20, 10, 10, 5, 5) , center-right plots to (30, 5, 5, 5, 5) , and right plots to (40, 5, 2, 2, 1). To simplify the presentation, each family distribution is represented by the largest size of the family, i.e., 10, 20, 30, and 40, respectively. The simulation showed that mSLCA generated robust estimates for various types of distributions, even using only four loci with four alleles per locus. In addition, the accuracy did not vary much from small to large data sets. Moreover, the algorithm can produce accurate and precise estimates using eight or more loci with eight or more alleles in all family structures. In actual situations, we have no prior knowledge of the family size or the number of families in a sample. mSLCA, therefore, can be a good tool for practical applications in the absence of mutations, null alleles, or other factors causing genotyping errors.
With four loci or four alleles, however, mSLCA tended to produce less accurate estimates and to underestimate the number of families. This was probably because the amount of information was not sufÞcient to distinguish unrelated families. However, the estimates of SLCA depend greatly on the data distribution: SLCA seems to be accurate when the number of families is extremely small or extremely large (Fig. 4a) . Kokuvo et al. (2007) showed that SLCA could correctly estimate the number of families from data collected in the Þeld. This might be because the data were collected from 11 bumblebees from three colonies.
The software for several other algorithms for reconstructing full-sib families are now available on the internet. However, one should take care when using them. For example, Kinship (Goodnight and Queller 1999) , which was previously used for estimating family numbers of bee species (Paxton et al. 2002 , Cameron et al. 2004 , Darvill et al. 2004 , Knight et al. 2005 , Ellis et al. 2006 , had difÞculty estimating the true full-sib families for the small data set examined in Kokuvo et al. (2007) . An exception is KinGroup (Konovalov et al. 2005) , in which a couple of modules correctly estimated the true number of full-Þb families, even in the cases where other likelihood algorithms could not be applied. However, it is sometimes very difÞcult to decide which module one should use because the algorithms are in a black box of user-friendly but researcher-unfriendly coding style. Our approach consists of two simple steps: (1) binary scoring of pairwise comparison and (2) clustering the scores with the corresponding analysis. We used R-language for implementing the two steps, but one can use any programming language that is capable of coding the above two steps.
Because mSLCA is based on a simple scoring and clustering procedure, the approach taken here allows for many possible extensions. For example, an alternative scoring system might be possible for diploid species or to detect other types of sibling relationships. It is interesting that this simple algorithm achieved accurate estimates. This might be possible because the aim of our study was to reconstruct full-sib families of haplodiploid species: by focusing only on haplodiploid species (Kokuvo et al. 2007 ), we avoided the theoret- ical limitation of the exclusion principle (Thomas and Hill 2000) .
We propose the mSLCA algorithm for reconstructing full-sib families of haplodiploid species. Our simulation study shows that the accuracy of mSLCA does not depend on the number of families, the distribution of family size, or the number of sampled individuals if we analyze eight or more loci with eight or more alleles. mSLCA could be used to estimate population size or dispersal ranges and to understand mating systems of social insects. Its accurate partitioning in haplodiploid species allows for many extensions to the Þelds of conservation, behavioral ecology, and evolutionary genetics.
